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What is claimed is: 



10 




15 



1 . An Apparatus for measuring a surface profile of a target surface, 
comprising: 

a light soured configured to produce a light flux; 

a light-flux optical system situated relative to the light source and the target 
surface and configured to (i) produce from the light flux a measurement-light flux 
and a reference-light flux, (ii) direct the measurement-light flux to the target surface 
so as to reflect from the target surface, (iii) provide the reference-light flux with a 
standard wavefront, and (iv) establish an interference between the reference-light 
flux and the measurement-light flux reflected from the target surface; 

a phase-state changing device situated and configured to change a phase state 



of at least one of the refij 
standard; 

a detector situate! 



rence-light flux and measurement-light flux relative to a 



and configured to detect interference fringes produced by 
the interference at any oflthe various phase states; and 

a computer connected to the detector and to the phase- state changing device, 
the computer being co^^^^d to produce, from the detected interference fringes 
produced at different respective phase states, data concerning respective phase 
20 distributions, and to calculate an average phase distribution. 



2. The apparatus of claim 1, wherein the phase-state changing device is 
configured to change the phase state of the reference-light flux. 



25 3. The apparatus of claim 1, wherein the phase-state changing device is 

configured to change the phase state of the measurement-light flux. 



30 



" 4^ apparatus of claim 1 , wherein the phase-state changing device is 

configured tojrffflhge the phase state of both the reference-light flux and the 
measurement^fihn^yix a same amount relative to the standard, while maintaining a 
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constant phas| difference between the reference-light flux and the measurement- 
light flux. 



5. ynfThe apparatus of claim 1, further comprising a phase-modulation 
5 device sitiaWSfan^c 
light flux. 



'configured to produce a phase modulation of the measurement- 



6. The apparatus of claim 1, further comprising a phase-modulation 
device situated and configured to produce a phase modulation of the reference-light 
10 flux. 



the mi 
frequency o 




e apparatus of claim 1 , wherein: * 
ement-light flux has a frequency that is slightly different than a 
ence-light flux; and 



the interference is heterodyne interference. 



8. The apparatus of claim 1, wherein the phase-state changing device is 
configured to change the phase state in respective increments, relative to the 
standard, of 0, 7i/2, 7t, and 3n/2. 

9. The apparatus of claim 1, wherein the phase-state changing device is 
configured to change the phase state in respective increments, relative to the 
standard, of 0, 7c/4, 7t/2, 3tt/4, k 3 57t/4, 37i/2, and 7n/4. 



25 



10. The apparatus of claim 1, wherein the phase-state changing device is 
configured to change the phase state in respective irregular increments, relative to 
the standard, of from 0 to 2n and more than 2it as a whole. 
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11. An apparatus ^>r measuring a wavefront aberration of a target object, 
comprising: 

a light source configured to produce a light flux; 
a light-flux optical system situated relative to the light source and the target 
5 object and configured to (i) produce from the light flux a measurement-light flux and 
a reference-light flux, (ii) direct the measurement-light flux to the target object so as 

to be transmitted through the target object, (iii) provide the reference-light flux with 

\\ 

a standard wavefront, and (iv) establish an interference between the reference-light 

flux and the measurement-light fluxl transmitted by the target object; 
10 a phase-state changing device situated and configured to change a phase state 

of at least one of the reference-light flux and measurement-light flux relative to a 

standard; | 

a detector situated and configured to detect interference fringes produced by 

the interference at any of the various pjhase states; and 
15 a computer connected to the detector and the phase-state changing device, 

the computer being configured to produce, from the detected interference fringes 

produced at different respective phase s|ates, data concerning respective phase 

distributions, and to calculate an average phase distribution. 



20 12. The apparatus of claim 1 1| wherein the phase-state changing device is 

configured to change the phase state of the reference-light flux. 



25 




13. The apparatus of claim 1 1, wherein the phase-state changing device is 
configured to change the phase statfe=^fin^ :: £iaeasurement-light flux. 



14. The apparatus of claim 1 1. 



vherein the phase-state changing device is 



configured to change the phase state of botji the reference-light flux and the 
measurement-light flux a same amount relative to the standard, while maintaining a 
constant phase difference between the referjpnce-light flux and the measurement- 
30 light flux. 
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15. The apparatus of claim 11, further comprising a phase-modulation 
device situated and configurip to produce a phase modulation of the measurement- 
light flux. 



16. The apparatus o\ 
device situated and configured 
flux. 



claim 1 1 , further comprising a phase-modulation 
o produce a phase modulation of the reference-light 



10 17. The apparatus of! claim 11, wherein: 

the measurement-light flux has a frequency that is slightly different than a 
frequency of the reference-light j|ux; and 

the interference is heterodyne interference. 



15 18. The apparatus of claim 1 1 , wherein the phase-state changing device is 

configured to change the phase st^rte in respective increments, relative to the 
standard, of 0, 7r/2, 7t, and 3n/2. 



19. The apparatus 
20 configured to change the pha 

standard, of 0, 7c/4, 7c/2, 3tt/4, tc, 5i 



lfl, wherein the phase-state changing device is 
respective increments, relative to the 
37i/2, and 7n/4. 



20. The apparatus of claim 1 1, wherein the phase-state changing device is 
configured to change the phase state|in respective irregular increments, relative to 
25 the standard, of from 0 to 2n and more than 2k as a whole. 



30 



21 . A method for measuring a surface profile of a target surface of an 
object, comprising the steps: 

(a) directing a measuremen^Ij^t^ux to the target surface so as to cause the 
measurement-light flux to reflect from the target surface; 
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(b) providing a reference-light flux having a standard wavefront produced 
by reflection from a standard surface; 

(c) establishing a mutual interference between the reference-light flux and 
the measurement-light flux; 

(d) detecting a respective phase-difference interference pattern produced by 
the interference; 

(e) moving at\\least one of the target surface and the standard surface a 
respective specified distance from a respective standard position and then repeating 
steps (a)-(d), the respective specified distance being appropriate to change a phase 



state of the at least one' 
(f) repeatingjsti 



15 



of the light fluxes a specified amount; 
p (e) to obtain respective phase-difference interference 
patterns at multiply ph$fee states; and 

(g) determining an average phase-difference distribution of the target 
surface from the respective phase-difference interference patterns obtained at the 
multiple phase states. 




22. The method of claim 21, wherein step (e) comprises moving the 
standard surface. 



20 23. 

target surfad;. 



The method of claim 21 , wherein step (e) comprises moving the 



A The method of claim 21, wherein step (e) comprises moving both the 
target surface and the standard surface while maintaining a constant phase difference 
25 between the reference-light flux and the measurement-light flux. 



30 



25. The method of claim 2 1 , wherein: 

step (e) comprises moving the standard surface; and 

step (d) is performed by phase-shift interference involving phase modulation 
of the measurement-light flux. 



DLS/dnr 4641-58305 04/06/01 



EXPRESS MAIL LABEL NO. EL696107308US 



-29- 



26. The method offclaim 2 1 , wherein; 

step (e) comprises movm^the target surface; and 

step (d) is performed oy / pha§,e-shift interference involving phase modulation 
5 of the reference-light flux. 

27. The method of claim 21, further comprising the step of providing the 
measurement-light flux with a frequency that is slightly different than a frequency of 
the reference-light flux so as to establish, in step (c), a heterodyne interference 

1 0 between the reference-light flux and the measurement-light flux. 



15 



20 



25 



28. The method of claim 21, wherein, in step (e), the at least one of the 
target surface and the standard surface is moved so as to change the phase state in a 
respective increment, relatije to the standard, of 0, n/2, n 9 and 3n/2. 

29. The method jbf claim 21, wherein, in step (e), the at least one of the 
target surface and the standard surface is moved so as to change the phase state in a 
respective increment, relativjp to the standard, of 0, 7i/4, 7c/2, 37c/4, n, 5tt/4, 37c/2, and 
7n/4. 

30. The method ofl claim 21, wherein, in step (e), the at least one of the 
target surface and the standard surface is moved so as to change the phase state by 
one or more irregular increments, relative to the standard, of from 0 to 2tz and more 
than 2n as a whole. 



3 1 . The method of 



laim 21, wherein the object is an optical element. 



32. An optical element, comprising a target surface having a surface 



profile measured using the nMhQdA)f claim 21. 



# 
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33. A method for measuring a wavefront aberration of a target object, 
comprising the steps:! 

(a) directing ai measurement-light flux to the target object so as to cause the 
measurement-light flux to be transmitted in a first direction through the target object 

5 to a reflection member;! 

(b) reflecting the measurement-light flux, that has been transmitted in a first 
direction through the target object, so as to cause the measurement-light flux to 
return through the target ibject in a second direction; 

(c) providing a reference-light flux having a standard wavefront produced by 
10 reflection from a standard! surface; 

(d) establishing a mutual interference between the reference-light flux and 
the returning measurement-light flux; 

(e) detecting a respective phase-difference interference pattern produced by 
the interference; j 

15 (f) moving at least one of (i) the reflection member and (ii) the standard 

surface a respective specified distance from a respective standard position and then 
repeating steps (a)-(e), the respective specified distance being appropriate to change 
a phase state of the at kfa^^iof the light fluxes a specified amount; 

(g) repeating shp(WXo obtain respective phase-difference interference 
20 patterns at multiple phase st ites; and 

(h) determining an i verage phase-difference distribution of the target object 
from the respective phase-d fference interference patterns obtained at the multiple 
phase states. 



25 34. The Aiethod of claim 33, wherein step (b) comprises providing a 

mirror downstream d^f the target object so as to reflect the measurement light flux. 

35. The^Achodlpf claim 33, wherein step (f) comprises moving both the 
target object with reflection member and the standard surface while maintaining a 
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constant phase difference! between the reference-light flux and the measurement- 
light flux. 

36. The method of claim 33, wherein: 

step (e) further coi&prises modulating the measurement-light flux; and 
in step (d) the dete^fednt^rference is a phase-shift interference. 

37. The methocft^f <HaiM 33, wherein; 

step (e) further comprises modulating the reference-light flux; and 
in step (d) the detected interference is a phase-shift interference. 



15 



38. THe method of claim 33, further comprising the step of providing the 
measurement-ligot flux with a frequency that is slightly different than a frequency of 
the reference-lightlflux so as to establish, in step (a), a heterodyne interference 
between the reference-light flux and the measurement-light flux. 



20 



25 



39. The method of claim 33, wherein, in step (f), the at least one of the 
reflection member and the standard surface is moved so as to change the phase state 
in a respective increment, relative to the standard, of 0, 7t/2, 7t, and 37i/2. 

40. The methid of claim 33, wherein, in step (f), the at least one of the 
reflection member and the standard surface is moved so as to change the phase state 
in a respective increment, Relative to the standard, of 0, n/4 9 n/2, 3n/4 9 7t, 5n/4 9 37c/2, 
and 7tu/4. 

41 . The meth^ofcTaim 33, wherein, in step (f), the at least one of the 
reflection member and the standard surface is moved so as to change the phase state 
by one or more irregular increments, relative to the standard, of from 0 to 2n and 
more than 2n as a whole. 



30 
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42. 



lethod of claim 33, wherein the target object is a lens element. 



43. A lens element, of which the wavefront aberration has been measured 
using the method of claim 33. 



44. A projection lens system, comprising the lens element of claim 43. 

45. A protection lens system, of which the wavefront aberration has been 
measured using the method of claim 33. 



10 



15 
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46. An apparatus for measuring an optical characteristic of a target 
object, comprising: ^ 

a light source configured to produce a light flux; 
a light detector; ^ 

an optical system situated relative to the light source and the target object 
and configured to (i) produce from the light flux a measurement-light flux and a 
reference-light flux, (ii) dirlct the measurement-light flux to the target object so as 



to reflect from a target surface of the target object, (iii) provide the reference-light 
flux with a standard wavefront, (iv) establish an interference between the reference- 
20 light flux and the measurement-light flux from the target object; and (v) direct the 
interfering reference-light flux|and measurement-light flux to the detector; 

an actuator situated andl configured to move at least one of the target object 
and the standard surface a resmfe^ive specified distance relative to a respective 
standard location; 

a phase-detection devicellconnected to the detector and configured to detect 
respective phase differences in the detected light, at the various locations resulting 



from movement, achieved by tl 
the standard surface over the re:! 
a computer configured ti 



actuator, of the at least one of the target object and 

ective specified distance; and 

determine respective phase distributions from the 



30 respective phase differences anqto calculate, from the respective phase 
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phase distribution, the average phase distribution 
measurement of the optical characteristic. 



47. The apparatus of claim 46, wherein the optical characteristic is a 
5 surface profile of the target object. 

48. The apparatus of claim 46, wherein the actuator is configured to 
move the target object relative to the respective standard location. 

1 0 49. The apparatus of claim 46, wherein the actuator is configured to 

move the standard surfaceArelative to the respective standard location. 



15 



50. The aBparatu^ofcJaim 46, wherein the actuator is configured to 
move both the standard surface and the target object relative to the respective 
standard locations while maintaining a constant phase difference in the interfering 
reference-light flux and measurement-light flux. 



5 1 . An apparatus for measuring an optical characteristic of a target 
object, comprising: 
20 a light source con^gured to produce a light flux; 

a light detector; 

an optical system situated relative to the light source and the target object 
and configured to (i) produce from the light flux a measurement-light flux and a 
reference-light flux, (ii) direct the\i©asurement-light flux to the target object so as 
25 to pass through the target object, (mj^rovide the reference-light flux with a standard 
wavefront, (iv) establish an interferencXbetween the reference-light flux and the 
measurement-light flux from the target oftiect; and (v) direct the interfering 
reference-light flux and measurement-light l^ux to the detector; 

a reflection member situated relative tddhe target object such that 
30 measurement light transmitted in a first directioirahrough the target object reflects 
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from the reflecti^imember and returns via a second direction, opposite the first 
direction, throughVhe target object to interfere with the reference-light flux; 

an actuator situated and configured to move at least one of the target object 
and the reflection member, and the standard surface, a respective specified distance 
relative to a respective standard location; 

a phase-detection Mexjce connected to the detector and configured to detect 
respective phase differences, hfl the detected light, at the various locations resulting 
from movement, achieved bymeactuator, of the at least one of the target object and 
the reflection member, and the standard surface, over the respective specified 
distance; and 

a computer configured to determine respective phase distributions from the 
respective phase differences and to calculate, from the respective phase 
distributions, an average phase distributW, the average phase distribution 
corresponding to a measurement of the optf&al characteristic. 



=+5= 



52. The apparatus of claim 51, wherein the optical characteristic is a 
wavefront aberrationW the target object. 



53. The apparatus of claim 51, wherein the actuator is configured to 
20 move the target object! the reflection member, and the standard surface while 

maintaining a constant [distance between the target object, the reflection member, 
and the standard surface. 



54. The apparatus of claim 5 1 , wherein the actuator is configured to 
25 move both the target object and the reflection member while maintaining a constant 
distance between the talget object and the reflection member. 



55. The apfrafatus of claim 5 1 , wherein the actuator is configured to 



move the standard sur: 



30 
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56. The apparatus of claim 46, wherein the target object is a lens element. 



57. I A lens element, of which the optical characteristic is a surface profile 
measurednisifife'an apparatus as recited in claim 46. 



5 



58. A projection lens system, comprising the lens element of claim 57. 

59. A projection lens system, of which the optical characteristic is a 
surface profile measured using an apparatus as recited in claim 46. 

10 




60. The apparatus of claim 5 1 , wherein the target object is a lens element. 

61. X^JfA lens element, of which the optical characteristic is a wavefront 
aberration measured using an apparatus as recited in claim 5 1 . 

+5— — — 



62. A projection lens system, comprising the lens element of claim 61 . 




6B. A projection lens system, of which the optical characteristic is a 
Bsfc^ wavefrafrt aberration measured using an apparatus as recited in claim 51. 

20 ~ ' 



